Numerous studies have shown cerebellar involvement in item-speci¯c association, a form of explicit learning. However, very few have demonstrated cerebellar participation in automation of non-motor cognitive tasks. Applying fMRI to a repeated verb-generation task, we sought to distinguish cerebellar involvement in learning of item-speci¯c noun-verb association and automation of verb generation skill. The same set of nouns was repeated in six verb-generation blocks so that subjects practiced generating verbs for the nouns. The practice was followed by a novel block with a di®erent set of nouns. The cerebellar vermis (IV/V) and the right cerebellar lobule VI showed decreased activation following practice; activation in the right cerebellar Crus I was signi¯cantly lower in the novel challenge than in the initial verb-generation task. Furthermore, activation in this region during well-practiced blocks strongly correlated with improvement of behavioral performance in both the well-practiced and the novel blocks, suggesting its role in the learning of general mental skills not speci¯c to the practiced noun-verb pairs. Therefore, the cerebellum processes both explicit verbal associative learning and automation of cognitive tasks. Di®erent cerebellar regions predominate in this processing: lobule VI during the acquisition of item-speci¯c association, and Crus I during automation of verb-generation skills through practice.
Introduction
The cerebellum is traditionally regarded to play an important role in motor skill learning. More recent evidence suggests that this region could also be involved in nonmotor cognitive processing (Schmahmann and Sherman, 1998; Ito, 2006; Ramnani, 2006; Balsters and Ramnani, 2011) , which has been supported by the observed anatomical projections from the cerebellum to the frontal and parietal cortices in the cerebrum (Balsters and Ramnani, 2011; Balsters et al., 2013) . Interestingly, due to the highly uniform neuronal circuitry across the cerebellar cortex, the cerebellar regions projecting to the frontal and parietal cortices in the cerebrum share a common neuronal structure with the cerebellar regions projecting to the motor areas in the cerebral cortex (Middleton and Strick, 1994; Strick et al., 2009) . Given these structural characteristics and functional roles, multiple theories (Marr, 1969; Albus, 1971; Doya, 1999) proposed that the cerebellum is best understood as a device for supervised learning, and that skill learning in di®erent domains is facilitated by relatively independent neuronal modules in the cerebellum (Ito, 2000 (Ito, , 2006 .
These¯ndings and theory suggest that the cerebellum may also play an important role in the acquisition of non-motor skills. The non-motor skill learning is di®erent from the well-studied form of non-motor explicit learning, item-speci¯c association (Bellebaum and Daum, 2011; Drepper et al., 1999; Muller et al., 1998; Richter et al., 2004; Seidler et al., 2002; Thoma et al., 2008; Timmann et al., 2010) . While explicit associative learning acquires consciously accessible knowledge, implicit learning acquires knowledge represented in abstract forms that can be instantiated but not verbally expressed (e.g., most perception learning) (Hubrich-Ungureanu et al., 2002) or the acquisition of general skills such as playing chess or sorting objects. Previous studies have shown initial evidence that the cerebellum plays a role in the automation of¯rst-order response rules (Balsters and Ramnani, 2011; Balsters et al., 2013) , which is a non-motor cognitive function. However, it is still not clear whether the cerebellar roles are separable in the implicit automation and the item-speci¯c associative learning. Distinguishing these processes will help further illuminate how cerebellar circuits contribute to the adaptive plasticity of skilled non-motor behavior and other wide-ranging aspects of behavior (Silveri et al., 1998; De Bartolo et al., 2009; Grimaldi and Manto, 2011; Ito, 2008; Paulus et al., 2004; Ramnani, 2006; Strick et al., 2009) .
We examined whether the cerebellum exhibits di®erent activation patterns in item-speci¯c associative learning and in the automation of verb-generation skill. We employed a classical repeated verb-generation paradigm that has been used in pioneering PET studies (Raichle et al., 1994) to address this question. In this task, participants were asked to repeatedly generate verbs for a¯xed set of nouns, then a new set of nouns was used to test the behavior improvement of the verb-generation skill. In previous studies, this paradigm was used to test the practice-related functional anatomy changes, where the cerebellar activation was found reduced during practiced performance and recovered when the participants generated verbs for a new set of nouns (Raichle et al., 1994) . Here, we used the same paradigm to further compare the cerebellar activation during the initial phase of the practice and during the verb-generation performance for the novel nouns. Our rationale is that when continuously practicing to generate verbs for the same set of nouns, both itemspeci¯c association (i.e., associating proper verbs with nouns) and automation of verb-generation skill would contribute to the improvement of behavioral performance, but only the e®ects of verb-generation skill automation will be reserved in the cerebellar activation when participants perform verb-generation task for a new set of nouns. Thus, the e®ects of item-speci¯c associative learning and skill automation on the cerebellum could be separated by comparisons across the initial, practiced (verb-noun association learning), and novel verb-generation blocks (automation of verb-generation skills).
Methods

Participants
Eleven healthy right-handed volunteers (eight females, three males, age 22 AE 3, range 19-29 years) participated in the study. None of the participants had a history of psychiatric or neurological disorders. Right-handedness was assessed with a Chinese handedness questionnaire. The ethics committee at the Chinese Academy of Sciences Institute of Psychology approved the study and written informed consent was obtained from all participants before entering the study.
Tasks
In the verb generation task, subjects viewed a noun, e.g., \lamp" and generated a corresponding verb, such as \switch on" or \install". To avoid the confounding from mental processes evoked by verbal responses, the participants were asked not to report the verb they generated, but press a button on a response-box (Psychology Tools Inc.) using their right¯ngers, immediately after they have successfully generated a verb. Meanwhile, the participants were instructed to complete the challenge without moving their lips or tongue to minimize head movement.
The task was presented in blocks ( Fig. 1(a) ). Each block lasted for 60 s, and consisted of 24 frequently used nouns. Each noun appeared for 500 ms and was followed by a¯xation-cross on the screen center lasting for 2 s ( Fig. 1(b) ). After each task block, participants were asked to focus on a¯xation cross for 30 s. The entire scan session was split into¯ve runs, each containing four such blocks. In the¯rst two blocks of run 1, the participants were asked to simply repeat the presented nouns (denoted as R blocks). Di®erent nouns were used in these blocks. The real verbgeneration task began from the third block of run 1, where the participants generated proper verbs for the presented nouns (denoted as G0 blocks). The nouns used in the G0 blocks were repeated in the G1 blocks. In runs 2-4, the two verb generation blocks were repeated six times (2 repetitions/run Â 3 runs, referred to as G1-G6), where the nouns used in G0 blocks were repeated. In the¯rst two blocks of run 5, a novel set of nouns were presented to the participants, and they generated proper verbs as they did in the previous verb-generation blocks (denoted as NG blocks). For the last two blocks of run 5, the participants were asked to simply repeat the nouns, instead of generating verbs (denoted as NR blocks). The nouns presented in these blocks were identical to those used in the¯rst two blocks in this run. It is worth noting that although the same nouns were used in di®erent blocks, the orders of their presentations were pseudo-randomized and therefore di®erent in each block. Before the experiment, a practice session was performed to familiarize patients with the task. After the experiment, participants were asked whether they were aware of repetition of the presented nouns in verb generation blocks and whether their responses tended to be the same in the practice runs (runs 2-4). Please refer to Sec. 3.1 for behavioral performance.
Data acquisition
Functional and structural MRI scans were obtained with a bird-cage head coil on a 1.5T Sonata whole-body scanner (Siemens, Erlangen, Germany) . Padding was applied between the head and the coil to reduce head motion. All visual stimuli were projected onto a screen, and participants watched the screen through a mirror mounted on the head coil 15 cm in front of eyes. High-resolution brain structural In the¯rst run, to test item-speci¯c associative learning, subjects performed two noun-repetition (R) tasks followed by two verb-generation tasks (G0, naïve condition). Next, the verb-generation blocks were repeated six times in Run 2 through Run 4 (G1-G6) using identical nouns. After G6 blocks (practiced condition), the subjects have practiced generating verbs for the same sets of nouns six times. To test general task learning unrelated to item-speci¯c associations, a verb-generation task with a novel set of nouns was then presented (NG, novel condition). Finally, two novel noun-repetition blocks (NR) were performed. (b) During each block, frequently used nouns were displayed for 500 ms followed by a 2000 ms¯xation cross in the center of the screen. After subjects silently generated nouns or verbs, they pressed a button.
images were acquired using a FLASH 3D pulse sequence (TR=TE ¼ 30 ms/1.17 ms, 128 sagittal slices, gap ¼ 0:26 mm, slice thickness ¼ 1:3 mm, 1 Â 1 Â 1:3 mm 3 anisotropic voxels). Whole-brain functional data were collected using a gradient-echo echoplanar sequence (TR ¼ 2000 ms, TE ¼ 60 ms,°ip angle ¼ 90 , 20 axial slices, 64 Â 64 matrix, slice thickness ¼ 5 mm, gap ¼ 1:5 mm, voxel size: 3:44 Â 3:44 Â 6:5 mm 3 ). Visual stimuli and button-press recording were implemented using E-Prime software (Psychology Tools Inc.).
Analysis of behavioral performance
The response time for each noun repetition or verb generation item were calculated as the di®erence between the onset of the noun presentation and the time of the corresponding button-press. Any nouns for which the participants did not respond within 2.5 s were excluded from further analysis. The median of response time were calculated for each block, and a repeated-measures analysis of variance (RM-ANOVA) incorporating the Greenhouse-Geisser adjustment for nonsphericity (Keselman and Keselman, 1990 ) was used to examine the response time di®erence across conditions. Paired comparisons were used to test speci¯c response time differences between block pairs G0-G6, G0-NG and G6-NG.
Functional MRI preprocessing
To disentangle the e®ects of the item-speci¯c associative learning and the automation of non-motor skills, responses to the initial verb generation blocks (G0, naïve condition), the last verb generation practice blocks (G6, practiced condition) and the novel verb generation blocks (NG, novel condition) were compared. Preprocessing and statistical analyses of fMRI data were carried out with AFNI (Cox, 1996) . Thē rst four volumes of each run were excluded to account for scanner signal equilibration. After slice timing correction, head motion correction was performed using six-direction rigid alignment. For each voxel, the time series was standardized by dividing the original magnitude by the mean value of the entire time series. The time series were then detrended using a high-pass¯lter at 0.01 Hz. A Gaussian kernel (full width at half magnitude ¼ 6 mm) was used to spatially smooth the data. The time series from runs 1, 4 and 5 were concatenated. These runs included R, G0, G5, G6, NG and NR blocks.
Statistical analyses
To conduct a multiple regression analysis, six task-related regressors, including conditions R, G0, G5, G6, NG and NR, were generated by convolving their corresponding task paradigms with the canonical hemodynamic response function (HRF). The six-direction head motion parameters estimated from the head motion correction step were also included as nuisance regressors. Volumes with sudden jumps in motion parameters (displacement > 0:3 mm or rotation > 0:3 ) were censored during the analysis. The signal baseline was individually estimated for each run using thirdorder polynomials.
To perform group-level statistical tests, individual activation maps from the above regression analyses were transformed into MNI space. Among the eleven participants, paired t-tests were used to examine the group-level signi¯cance of three contrasts between conditions, including G0-G6, G0-NG and G6-NG. The contrast G0-G6 indicated the e®ect of practice (continuously perform verb-generation for the same nouns). The contrast G0-NG represented the brain activation changes related to the automation of verb-generation skill. This is because the nouns in both conditions were novel to the participants, and the only di®erence between G0 and NG conditions was the amount of verb-generation practice. The contrasts between NG and G6 re°ected brain activation changes due to item-speci¯c associative learning, because the di®erence between these conditions was the familiarity of the nouns, but not verb-generation practice.
To set a suitable threshold for activation detection, a multiple comparison correction based on Monte Carlo simulation was conducted using AFNI program AlphaSim. The high-resolution anatomical image was¯rst segmented using the FAST program in FSL (http://www.fmrib.ox.ac.uk/fsl/) to produce a cerebellum mask. Then the smoothness of the statistical maps was estimated within the cerebellum mask. The individual image smoothness was assessed in the residual time series from the regression analysis for every participant and a mean smoothness was calculated by averaging the individual values. Activation volume thresholds were computed for voxel-wise threshold at p < 0:005.
Relationship between activation changes and performance improvement
We used a linear model to¯t the relationship between cerebellar activation changes and verb-generation performance. Speci¯cally, we¯rst calculated the improvement (di®erence) of the mean response time in the G6 and NG blocks, relative to the mean response time in the G0 blocks. The response time improvement was then¯tted to the activation magnitudes (regression coe±cients) during the G6 blocks in the cerebellar regions identi¯ed in the group-level analyses.
Results
Task performance in practiced verb generation blocks
All participants indicated that they were aware that runs 2, 3 and 4 were repetitions of the verb-generation blocks in run 1. They also indicated that they responded with the same verbs as in previous instances when they realized that verb-generation tasks had been repeated. Response times varied signi¯cantly across conditions G0, G6 and NG (Fig. 2 time in the¯nal practice blocks (G6) was signi¯cantly lower than in the naïve-verb generation blocks (G0; tð10Þ ¼ 3:63; p < 0:005) and NG (tð10Þ ¼ 6:29; p < 0:005).
There was no signi¯cant di®erence between response times in the naïve verb generation blocks (G0) and the novel post-practice verb generation task (NG; tð10Þ ¼ 1:19; p > 0:05).
Cerebellar activations
The anatomical structures, MNI coordinates and the statistics of the activated regions are summarized in Table 1 . Compared to G6 blocks, G0 blocks showed stronger activations in the cerebellar vermis (IV/V) and the right cerebellum VI (Fig. 3 contrast G0-G6; MNI coordinates of peak voxel in cerebellar vermis: À2, À64, À30. In right cerebellum VI: 34, À57, À28). In these cerebellar areas, the G0 blocks also showed greater activation than the NG blocks, as revealed by the signi¯cant negative t-values in the contrast G0-NG ( Fig. 3 ; peak voxels were located within 5 mm of the peak coordinates in G0-G6 contrast). The contrast G0-NG showed a region in the right cerebellum Crus I ( Fig. 3 ; MNI coordinates of the peak voxel: 34, À58, À45). The above results were thresholded at p < 0:05 (family-wise error rate) after multiple comparisons correction using a Monte Carlo simulation (voxel-wise p < 0:005, and cluster volume > 432 mm 3 ). Using a conjunction analysis, we compared the spatial extent of cerebellar activations between tasks and de¯ned four regions of interest (ROIs) in the cerebellum (Table 1; Fig. 3 ). The contrast G6-NG produced a highly overlapping activation region in the right cerebellum lobule VI (ROI 1) with the contrast G0-G6. The common activation clusters between the two contrasts occupied 60.3% and 64.1% of the activation clusters obtained in the two contrasts, respectively. We therefore de¯ne the common cluster as ROI 1 (see Table 1 ). The right cerebellum Crus I Fig. 2 . Median response times across di®erent task blocks. The group mean and standard deviation of the median response times are displayed. Response times progressively decreased with practice over verb generation blocks G0 to G6, and recovered again in the novel verb-generation task (NG).
(ROI 2) was the only signi¯cant cluster found in the contrast G0-NG. In the cerebellar vermis (IV/V), the contrast G0-G6 had¯ve times the number of activated voxels compared to the contrast G6-NG. Therefore, although the activation regions under contrasts G0-G6 and G6-NG were located in the same anatomical structure, the right cerebellar vermis (IV/V), they were considered as di®erent regions of interests. Speci¯cally, the activation region from contrast G0-G6 was de¯ned as ROI 3, and the activation region from contrast G6-NG were denoted as ROI 4. Figure 4 compares the activation levels (regression coe±cients) of these 4 ROIs across the G0, G6 and NG blocks. ROI 2 showed a di®erent pattern of activation levels across the three conditions from the other ROIs.
In summary, ROIs 1, 3 and 4 all had lower activations in the G6 blocks compared to the G0 or NG blocks (Figs. 4(a) , 4(c), and 4(d)). Activations in ROIs 3 and 4 were Note: These ROIs were de¯ned by the peak cerebellar activation clusters from various contrasts of the regression coe±cients obtained in general linear model analysis. Fig. 3 . Cerebellar regions showed activation di®erences across conditions. A conjunction analysis was performed to compare cerebellar activation across verb-generation tasks; \contrasts" denote activation amplitude di®erences across task conditions. Contrast G0-G6 showed di®erences in task activation in both the cerebellar vermis (IV/V) and the lobule VI; contrast G0-NG revealed task activation di®er-ences in the cerebellum Crus I; contrast G6-NG showed decreased task activations in the cerebellar vermis (IV/V) and the lobule VI during task NG, similar to results of the contrast G0-G6. The above activations are all thresholded at p < 0:05 (multiple-comparison error corrected). co-localized to the same anatomical site in the cerebellar vermis (IV/V) and therefore represent the same functional area. In G0 and NG blocks, participants generated verbs for the nouns that were novel to them, while in G6 blocks, they had seen the nouns six times. Thus, the decreased activations in ROIs 1, 3 and 4 indicate that the activation changes in these cerebellar regions are related to the di®erences in the presented nouns in the task. In contrast, ROI 2 showed less activation in the NG blocks compared to the G0 blocks, indicating that activation changes in this cerebellar region are not associated with the familiarity of the nouns, but are related to the general practice of the verb-generation task. 
Relationship between activation changes and performance improvement
The linear¯tting demonstrated that the improvement of the verb-generation response time in the G6 and NG blocks exhibited strong linear relationships with the activation level of ROI 2 during the G6 blocks. Speci¯cally, the coe±cient of determination ðR 2 Þ between verb-generation performance improvement in the G6 blocks and the activation level of ROI 2 was 0.747 ( Fig. 5(a) ). Similarly, the R 2 between verb-generation performance improvement in the NG blocks and the activation level of ROI 2 achieved 0.622 ( Fig. 5(b) ). It is worth noting that a negative value in the horizontal axes in Fig. 5 indicates a larger improvement in verb-generation speed, and therefore a lower activation level in ROI 2 during the G6 blocks predicted a larger performance improvement in both the G6 and NG blocks. These observations explained the relatively large inter-subject variability in this region (Fig. 4(b) , boxplot of G6). One outlier was removed from the linear¯tting. We did not observe any signi¯cant linear relationships between improvement of task response times and activation levels of the other three ROIs. These results further support the indications of the statistical mapping analyses that the activation change of ROI 2 is relevant to the general verb-generation skill, instead of item-speci¯c association between nouns and verbs.
Discussion
Although there are controversies regarding how the cerebellum is involved in nonmotor functions (Glickstein, 2007; Glickstein and Doron, 2008) , many studies have shown that the cerebellum participates in item-speci¯c associative learning (Berns et al., 2001; Drepper et al., 1999; Richter et al., 2004; Timmann et al., 2008) and recent evidence has also demonstrated the ability of this \little brain" to facilitate non-motor automation (Balsters and Ramnani, 2011; De Bartolo et al., 2009 ; Ramnani, 2006 ). In the current study, we performed a repeated verb-generation task to distinguish the di®erential role of the cerebellar regions in these processes. The verb-generation challenge is widely used to study cerebellar activation (De Nil et al., 2001; Frank et al., 2007; Petersen et al., 1988; Stoodley et al., 2012; Wood et al., 2004) . It generates a robust task response and e®ectively controls for motor components Desmond and Fiez, 1998; Frings et al., 2006; Gebhart et al., 2002; Thurling et al., 2011) . The current study used this task to compare itemspeci¯c associative learning involved in pairing nouns with verbs and task automation (implicit learning of task skills) during repeated stimulus presentations (Raichle et al., 1994; Shohamy and Wagner, 2008) . Comparisons between the novel and naïve verb generation tasks indicated the occurrence of implicit learning that was not itemspeci¯c and could be generalized to tasks with similar skill demand.
As shown in Fig. 2 , our study replicated the previously reported verb-generation performance changes after practice (Raichle et al., 1994) . We observed decrease in activity of the right cerebellar hemisphere (ROI 1) and vermis (ROI 3 and 4) during the course of training, and the renewed rise in activity when a series of new nouns are presented. These observations con¯rm the¯ndings in the previous PET study. With fMRI technique, our novel¯ndings are that another region in cerebellar Crus I (ROI 2) exhibits decreased activation with training when new nouns are presented (G0-NG comparison in Fig. 3 ), and that the activation level of this region predicts verbgeneration performance for both the practiced nouns and the novel set of nouns. These observations indicate the involvement of this cerebellar region in procedural learning (automation) of the task itself, as opposed to the learning of speci¯c nounverb associations. Given the¯ndings in the other ROIs, our novel observations support that di®erent parts of the cerebellum are involved in di®erent aspects of nonmotor learning.
Cerebellar Crus I and Lobule VI
The activation in the right cerebellar lobule VI (ROI 1) decreased after practice and recovered to the original level in the NG blocks which presented a novel set of nouns. We believe this area may contribute to the encoding of pairing nouns and verbs, as in item-speci¯c association. This interpretation is supported by a series of studies showing the cerebellar lobule VI is associated with the encoding phase of memory (Chein and Fiez, 2001; Chen and Desmond, 2005; Desmond et al., 2005) and consolidation of fear memories (Sacchetti et al., 2004 (Sacchetti et al., , 2007 . Furthermore, lesions in the cerebellar lobule VI yield impairments in sequence learning (Tedesco et al., 2011) . Decreased activations in this area after practice could re°ect decreased encoding demands, or automaticity of verb generation.
The activation in the right cerebellum Crus I (ROI 2) predicted not only the improvement of response times at the end of practice but also the performance improvement when generating verbs for a new set of nouns, suggesting that learning in this area is not speci¯c to the practiced nouns themselves, and that this area acquired general mental skills required by the verb-generation task. Previous studies demonstrate that the cerebellar Crus I is involved in the processing of language and verbal working memory (Kirschen et al., 2005; Stoodley and Schmahmann, 2009) . Crus I has extensive prefrontal projections (Kelly and Strick, 2003; Middleton and Strick, 2001 ) and dysfunction in this region is related to impairment in sequence learning, verbal memory, visuospatial ability and attention (Tedesco et al., 2011) . Furthermore, this area is associated with the automation of non-motor¯rst-and second-order rules (Balsters and Ramnani, 2011; Balsters et al., 2013) .
The cerebellar lobule VI and Crus I are likely involved in distinct stages of nonmotor learning. Unlike the cerebellar lobule VI, the right Crus I area did not increase in activation during the novel task following practice. Both the right lobule VI and the Crus I participate in verb generation tasks (Gebhart et al., 2002; Petersen et al., 1988) , and previous studies support our¯nding that di®erent locations in the cerebellum play distinct roles in cognition (Clower et al., 2001; Grimaldi and Manto, 2011; Ivry et al., 2002; Kelly and Strick, 2003; Tedesco et al., 2011) . We propose that cerebellar processing of non-motor learning is split into at least two distinct components: an association phase in Lobule VI and automation after practice in Crus I. We further propose that di®erent anatomical regions of the cerebellum predominate in di®erent components of non-motor processing, with lobule VI predominating during item-speci¯c encoding and association forming (acquisition), and Crus I during automation through practice.
An outstanding question is whether the cerebellum is able to independently process abstract cognitive information unrelated to motor activity and to automate cognitive processes (Balsters and Ramnani, 2011; Balsters et al., 2013; Ramnani, 2006) , or if this area is only able to process information from prefrontal and parietal areas for rules which evoke a motor activity. We are the¯rst to demonstrate that the cerebellum is involved in automation of a verbal task, suggesting the possibility that the cerebellum provides low-level automation of higher-order abstract processing independent of motor action (Balsters et al., 2013) .
Cerebellar vermis (IV/V)
The level of activation in the cerebellar vermis (IV/V, ROIs 3 and 4) correlated with the level of stimulus novelty. The G0 blocks, our participants'¯rst exposure to any stimulus presentation, elicited the greatest number of activated voxels. The stimulus in the NG blocks shared the task as the previous stimuli, but contained new nouns. It caused the activation level in these regions to return to the same level as in the G0 blocks, but with fewer activated voxels. The nouns presented in the G6 blocks, identical to all preceding blocks, were the least novel and elicited decreased amplitude and spatial extent of cerebellar vermis (IV/V) activation compared to the G0 and NG blocks. We believe that this region may participate in the encoding of novel stimuli as well as respond to stimulus novelty. However, it is also possible that decreased activation extent during the G0 and G6 blocks relate to other aspects tangential to novelty, such as decreased awareness, arousal, new association formation or task-related learning. These potentially confounding e®ects could not be examined in this study.
We believe that activation di®erences in the cerebellar vermis (IV/V) across the G0, G6 and NG blocks represent modulation of activity according to cognitive task. These results are surprising, considering that this area has traditionally been thought to be primarily motor in nature (Fiez et al., 1996; Kelly and Strick, 2003; Strick, 1994, 2001; Petersen et al., 1988) . However, the only motor component of our task, button-pressing, remained the same throughout all blocks. If activation changes in this region had been due to the motor component of button pressing, we would have expected its activation to decrease continually throughout all blocks as subjects became more familiar with the act of button pressing. Furthermore, a recent study demonstrated a correlation between cerebellar vermis size and cognitive ability in elderly adults (Miller et al., 2013) .
Learning-related activations and deactivations
As with other studies, our results noted cerebellar activity decreases with practice and automaticity (Petersen et al., 1988; Raichle et al., 1994; Doyon, 1996; Doyon et al., 1996) . The cerebellum exhibits at least two types of activity during learning: activity related to error encoding and activity related to the creation of internal models (Imamizu et al., 2000) . The former type of activation is more active earlier in learning and decreases throughout learning in cerebellar learning models and in experimentation. The latter type of learning, activity related to the generation of internal models, increases and then plateaus throughout learning (Imamizu et al., 2000) . Because our verb generation task was open-ended and there was no wrong answer choice, the learning that occurred in our experiment likely relates exclusively to the creation of internal models rather than error encoding. Decreased activity following practice due to increased automaticity could represent less activation related to the creation of internal models. Of note, our study distinguished patterns of explicit verbal memory and implicit automation of a verbal task, demonstrating that these processes are simultaneously processed in distinct anatomical regions of the cerebellum, and that they are functionally distinguished.
In light of our¯ndings and prior knowledge that distinct areas in the cerebellum play distinct roles in cognition, further studies should take into account cerebellar topography during learning and how cerebellar responses among distinct topographic regions are sequentially organized during distinct parts of cognitive learning. Since cerebellar interactions with cortex may change throughout di®erent stages of learning, future studies should also consider how topographic areas in the cerebellum interact di®erently with other cortical areas to mediate distinct stages of learning. This would provide further understandings of what stage of learning each area of the cerebellum participates in.
We would like to underscore that it is unlikely that any learning in the cerebellum stemmed from motor learning, since button pressing remained the same throughout the entire experiment, and subjects were asked to generate verbs without moving the tongue or lips. In all areas of the cerebellum, each cognitive task elicited di®ering activations.
Limitations
There are several limitations in the present study. First, to avoid excess head motion and overly long scans, the exact responses (generated verbs) of the participants were not recorded. Thus, all inferences about the item-speci¯c associative learning were based on the decreased response latencies. Second, we did not record the eyemovement of the participants when they perform the task, which could be another factor a®ecting cerebellar activations.
Conclusions
Taken together, the current study provides supporting evidence that item-speci¯c associative learning and non-motor automation are processed as distinct types of learning in the cerebellum, and are predominately handled by distinct cerebellar areas. Crus I predominates during automation through practice, and lobule VI during association forming. Explicit and implicit non-motor learnings are functionally distinguished; we demonstrate cerebellar participation in verbal automation.
